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One experiment:  Five neutron sources

NOPTREX/IRES Collaboration 6/7/2025 

IRES: International Research 
Experiences for Students
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Neutron-Nucleus Resonances
dense set of resonances just above neutron separation energy

mainly L=0 resonances, but lots of L=1 resonances

P-odd interaction can mix L=0 and L=1 states



Three scientific goals of NOPTREX: Why Do IT?

(1) Understand P violation in heavy nuclei
-Quantify mean square weak matrix element <M2> in heavy nuclei
-Compare with statistical theory of P violation in heavy nuclei

(2) Search for P-odd/T-odd NN interaction
-Discover new source of P-odd/T-odd interaction

(3) Search for P-even/T-odd NN interaction
-Discover new source of P-even/T-odd interaction
-Aid interpretation of P-odd/T-odd electric dipole moment (EDM) 
searches



Neutron-Nucleus forward scattering amplitude

Elastic (zero angle scattering) scattering amplitude as scalar products of s⃑, I⃑, and k:
• A is dominated by (spin independent) strong interactions.
• B is from strong interaction spin-spin interactions.
• C & E come from parity-violating (P-odd) interactions.
• D comes from time- and -parity violating (P-odd, T-odd) interactions.
• F comes from T violating but  parity-conserving (P-even, T-odd) interactions.

Beda and Skoy, “Current Status of 
Research on T Invariance in Neutron-
Nuclear Reactions.”
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Why C, D & F, Are Null Tests

• For forward scattering initial and final state coincide, 
so any observable odd under P or T must vanish unless 
the corresponding symmetry is broken.

• The *difference* of total cross sections between two 
spin states therefore isolates exactly one coefficient in 
forward scattering amplitude using optical theorem. 

• Ryndin theorem: In the absence of TRIV , swapping the 
incoming and outgoing spin–momentum configuration 
leaves the forward transmission probability 
unchanged. Any non-zero D,F is direct symmetry 
violation (Ryndin 1964, Gudkov & Bowman 2014). 

• A null test for T: no “final state effects” 
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Enhancement of parity violation: mechanism 7

Structural 
Enhancement

Complexity
Enhancement

102 - 103 ~ 103

Theoretically, the enhancement is written as 

Partial neutron 
width
j=1/2 component : 𝑥𝑥
Recently measured for 139La!

“Structural” enhancement: The weak mixing lets 
the large *s-*wave capture amplitude feed the 
tiny *p-*wave channel.

“Complexity/Dynamical” enhancement: in a 
nucleus excited by neutron capture, the interval 
Ep-Es between the chaotic compound states 
(resonances) of opposite parity is very small.





Amplification of P-odd asymmetry in p-wave 
n-A resonance

Helicity dependence of the p-p scattering cross section

-(1.7±0.8)×10-7 @E=15MeV

Interaction between nucleons:  10-7  P-violation 

0.74eV Helicity dependence of cross section in neutron 
transmission 139La (Dubna, Alfimenkov 1982)

0.097±0.003 @En=0.74eV

Compound nucleus: 10-1 P-violation 

P-odd amplitude can be enhanced by ~106 in 
compound nucleus. Measured more than 40 
years ago.



Parity-odd Asymmetry Measurement Methods



Ideas of random matrix theory were used 
as assumptions in TRIPLE analysis of 
parity violation



W=<s|Vpnc|p>= P-odd weak 
mixing amplitude

(1) Understand P violation in heavy nuclei
-Quantify mean square weak matrix element <M2> in heavy nuclei
-Compare with statistical theory of P violation in heavy nuclei

Horizontal (A): Mass number of the compound 
nucleus whose parity–violating asymmetry was 
measured (from A ≈ 40 up to A ≈ 240).

vertical ( Γ_w in 10⁻⁷ eV ): The weak spreading 
width extracted for that nucleus by the TRIPLE 
collaboration



Measured P-odd
asymmetries in n-A 
resonances

We want to (1) search in 
unmeasured nuclei, (2) 
make use of resonances
for T 



We are searching here. Initial data taken on 50 nuclei! Part of JPARC Long-Term Proposal award

PV search in 140<A<200 nuclei  



(n, 𝛄𝛄) resonance spectroscopy (LANSCE, CSNS, JPARC,…?)

DANCE (BaF2, Los Alamos)

ANNRI (Ge, JPARC)

GTAF-2 (BaF2, CSNS)

FP12 (NaI(Tl), Los Alamos)

Errors on <M2> are 
dominated by poor 
knowledge of resonance 
quantum numbers (L, S, J)

25 years after TRIPLE 
work, world now has 
higher neutron flux and 
many new (n, 𝛄𝛄)
spectrometers

JPARC Long-Term Proposal 
beamtime award in 
progress for this work



Goal (2): P-odd/T-odd
Optical theorem relates forward scattering cross section to spin dependent 
part of cross section: Δ𝜎𝜎𝑝𝑝 = 4𝜋𝜋

𝑘𝑘
𝐼𝐼𝐼𝐼 𝑓𝑓− − 𝑓𝑓+

Optical theorem relating forward scattering cross section to spin dependent 
part with a polarized target:                Δ𝜎𝜎𝑃𝑃𝑃𝑃 = 4𝜋𝜋

𝑘𝑘
𝐼𝐼𝐼𝐼(𝑓𝑓↑ − 𝑓𝑓↓)

For case of 2-resonance mixing:
𝑤𝑤𝑇𝑇𝑇𝑇: P-odd weak mixing matrix element
𝑤𝑤: P-odd/T-odd weak mixing matrix element

• 𝛋𝛋 function of resonance widths and
spins (recently measured for 139La!)  

Δ𝜎𝜎𝑃𝑃𝑃𝑃
Δ𝜎𝜎𝑃𝑃

= 𝜅𝜅(𝐽𝐽,𝜑𝜑)
𝑤𝑤𝑇𝑇𝑇𝑇

𝑤𝑤

𝜅𝜅(𝐽𝐽,𝜙𝜙) =
2(𝐽𝐽 + 1

2 )
(2𝐽𝐽 +  1)

 𝑠𝑠𝑠𝑠𝑠𝑠 2𝜙𝜙



The enhancement of P-odd/T-odd amplitude on p-wave resonance (σ.[K X I]) is (almost) the same as for P-
odd amplitude (σ.K).

Experimental observable: ratio of P-odd/T-odd to P-odd amplitudes 
                              
 λ can now be measured  with a stat. uncertainty of ~10-6 in 107 sec at MW-class spallation neutron sources. 
 
For 106 p-wave resonance amplification, T-odd amplitude in nucleon/strong amplitude)~10-12 

~10X more sensitive than present limits from neutron/nuclei EDMs

𝜎𝜎𝑡𝑡𝑡𝑡𝑡𝑡 =
4𝜋𝜋
𝑘𝑘

Im[𝑓𝑓 0 ]

arXiv:2403.02052v1 [hep-ph] 4 Mar 2024For updated EDM limits and its implications, see Degenkolb et al, :
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Expressions for 𝝀𝝀PT from different BSM sources

where gs=(strong) pion coupling, 
g0, g1, g2 are P-odd/T-odd pion couplings for I=0,1,2

in terms of 𝜃𝜃QCD

in terms of quark 
chromo-EDMs

present limit from EDM experiments



(1) Search for P-odd/T-odd NN interaction
-polarized 139La+polarized n, Phase 1/Phase 2 (JPARC)



in preparation
for the ANNRI 
beamline at JPARC



Goal (3): P-even/T-odd
• Mixes two different p resonances. Operator in F term is a rank 2 

tensor, so Wigner–Eckart theorem is satisfied 
• T reversal acts on channel spins S = I ± ½,  so we need two p 

resonances with different  S. Denote them |p1⟩ and |p2⟩ with 
energies 𝐸𝐸1,2.

• For P-even/TRIV off-diagonal matrix element wT ≡ ⟨p1| VT |p2⟩ the 
cross-section difference is:

• No structural enhancement: “only” 103 complexity enhancement 



Polarization and Alignment
F term is a rank-2 irreducible tensor built 

from two copies of the target-spin vector    

Clebsch–Gordan coupling of two rank-1 
tensors (the spherical components of    ):

quadrupole order: spins prefer the 𝑧𝑧 but may 
point both up and down equally (think of a 
cigar vs. a pancake distribution)

Can be created in deformed nuclei with a 
large electric quadrupole moment acted on 
with a crystal-generated electric field at low T



What About P-even/T-odd NN?
No P-even/T-odd effects in Standard Model: CKM, 𝛉𝛉 both P-odd/T-odd

Lowest mass meson exchange from 𝛒𝛒+/- [C-odd, J≥1]

[Herczeg Nucl. Phys. 75, 655 (1966), Simonius PLB 58, 147 (1975)] 

VERY few experiments:

Charge symm. breaking [Simonius PRL 78, 4161(1997)]: g𝛒𝛒<7x10-3

N transmission aligned Holmium (P. R. Huffman et al, PRC 55, 2684 
(1997): g𝛒𝛒<6x10-2

 Comparing with EDM P-odd/T-odd:           g𝛑𝛑 <10-11 

Direct constraints on P-even/T-odd NN interactions are poor
Y. Uzikov



Three scientific goals of NOPTREX: Present Status 

(1) Understand P violation in heavy nuclei
-New p-wave resonances in 140<A< 200: data taken, under analysis
-Ongoing (n, 𝛄𝛄) spectroscopy for TRIPLE data reanalysis

(2) Search for P-odd/T-odd nA interaction
-Phase 1 approval at JPARC! Building apparatus, 139La polarized to  
>35% by dynamic nuclear polarization

(3) Search for P-even/T-odd nA interaction
-Cryogenic R & D work in China for tensor alignment in 127I crystal. 
Experiment planned for Chinese Spallation Neutron Source (CSNS)



Thanks!



Hamiltonian for s–p mixing

Helicity-dependent total cross section: 



Forward transmission ⇒ null test for T violation
Enhancement of asymmetry from high level density~103 

P-even/T-odd NN interactions can mix different p-wave resonances

𝚪𝚪p (+) and 𝚪𝚪p (-) = 𝚪𝚪p (J=I±½)



INDIANA UNIVERSITY BLOOMINGTON28

𝐽𝐽 = ℓ + 𝑠𝑠 + 𝐼𝐼

𝑗𝑗 𝑆𝑆 channel spinn entrance spin

total angular 
momenta

n spin nuclear spinorbit

ℓ = 0,1 S = 𝐼𝐼 ± 1/2

P-odd ⇒ s-wave and p-wave 
interference

T-odd ⇒ channel spin S 
interference

⇓ ⇓

V. Gudkov and H. Shimizu, Phys. Rev. C 97, 065502 (2018)28



κ(J) “Spectroscopy” Factor

Spin-weighted linear combination
of p-wave resonance widths in the  
j=1/2 and j=3/2 channels

Must be measured 

P transformation acts on L=0,1      T transformation acts on S=I +/- 1/2



P-odd Asymmetries on p-wave Neutron Resonances

G. E. Mitchell, J. D. Bowman, S. I Penttila, E. I. Sharapov, Phys. Rep. 354, 1 (2001). 

Measured P-odd
asymmetries in n-A 
resonances >3𝝈𝝈

Similar #s of + and – 
asymmetries, as 
expected in 
statistical model
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arXiv:2403.02052v1 [hep-ph] 4 Mar 2024



Beyond-the-
Standard-Model 
(BSM) operators
• Each Observable in NOPTREX 

corresponds to BSM operator.



Back up slides κ(J) uncertainties — Measured with (n, γ) angular 
distributions at ANNRI; current value κ = 0.9 ± 0.1 in ¹³⁹La.
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